Laser micro structuring of high-stressed embossing dies  by Schubert, A. et al.
 LANE 2010 
Laser micro structuring of high-stressed embossing dies 
A. Schuberta, S. Grossa*, J. Edelmanna, B. Schulza 
aFraunhofer Institue for Machine Tools and Forming Technology IWU, Reichenhainer Straße 88, 09126 Chemnitz, Germany 
 
Abstract 
This paper describes the laser micro structuring of forming tools for hot embossing. The laser micro structuring allows the 
manufacturing of the required structural sizes and structure forms as well as the machining of the applied tool materials which 
can not be manufactured with conventional processes like milling. Through the systematic investigation of the influences of 
single laser parameters it is possible to influence the processing of 2-D and 2½-D micro fluid geometries. For initial experimental 
investigations the high strength ceramic material silicon carbide is used.  
 
PACS: 79.20.Eb; 42.62.Cf; 87.85.Va ; 
Keywords: Laser machining; Structuring; Micro machining; Micro fluidics; Embossing ; 
1. Introduction 
The demands of the market for increasing the functionality of products has lead to a downsizing of components 
[1]. Especially in the fields of microelectronics and medical technology this becomes more and more important. This 
leads to increasing demands for cost-effective and also highly-precise micro fluidic components. As a suitable 
manufacturing process the micro hot embossing technology gains more and more importance. An essential 
component for this technology is the micro forming tool with high precision microstructures smaller than 50 μm and 
an accuracy below 1 μm, also with high stability, good surface quality and a high aspect ratio.  
Laser technology has been qualified for micro structuring technology because of its high lateral resolution by 
minimized focusability down to a few microns, high flexibility and its suitability for machining difficult to machine 
materials like ceramics, carbide and hardened steel with excellent productivity and surface quality [2, 3]. Laser 
ablation shows clear advantages in comparison to traditional milling or electro discharge machining like: 
 
• unlimited choice of materials 
• direct usage of CAD structure data 
• high geometric flexibility 
• contactless machining [4, 5]. 
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 At Fraunhofer IWU a laser processing machine equipped with a frequency doubled Nd:YAG laser (wavelength 
532 nm), was applied. Extensive research activities over the last years resulted in a significant technological base for 
manufacturing those tool geometries. Through the systematic investigation of the influences of single laser 
parameters it is possible to control the processing of 2-D and 2½-D micro fluid geometries, see Fig. 1. 
The main focus of the scientific work was targeted on finding a suitable laser adjustment for producing the micro 
fluidic structures in the chosen material silicon carbide. This was realized by systematic investigation of the 
influence of geometrical and laser parameters and the following improvement in regard to geometrical accuracy and 
surface quality. 
 
 
Fig. 1. Test tool with micro fluidic structures in silicon carbide 
2. Demands on hot-embossing tools used for micro fluidic systems 
Hot embossing enables a fast and economic replication of different geometrical elements and structural sizes. In 
hot embossing process, a master structure on a mold surface is pressed into a substrate at elevated temperature, 
forming a negative relief replica of the master topography [6]. Thereby quite different materials like plastics, metal 
and glass can be structured. One of the competencies at Fraunhofer IWU is the thermal assisted micro forming with 
forming temperatures up to 1000°C [7, 8]. Process development of micro forming, the manufacturing of suitable 
micro structuring tools and the development of appropriate technical equipment are the focal point of the scientific 
work. 
In the German joint project “Mikrofluidiksensor zum Nachweis von glykiertem Hämoglobin (HbA1c)“ a novel 
micro fluidic based sensor as a Point-of-Care application was developed. This sensor enables the quick analysis of 
glucose charged hemoglobin (HbA1c) with a testing volume less then 5 μl [9]. The sub-project of Fraunhofer IWU 
dealt with the development of the micro forming tool to emboss the sensor structure in plastic foil. Based on 
structural and geometrical demands of the project a catalog of requirements depending on the needed micro fluidic 
structures has been compiled (see Table 1). Because of different requirements it has to be distinguished between the 
basic micro fluidic channel structure and the fluid flow influencing functional sub structure in mold design. 
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Table 1. Geometrical demands on the micro fluidic structures to be generated 
  micro fluidic 
structure 
functional 
structure 
maximal lateral dimensions 50 mm 750 μm 
minimal lateral dimensions 25 μm 5 μm 
maximal structure depth 500 μm 20 μm 
maximal aspect ratio 5 15 
dimensional accuracy of components ± 1 μm ± 1 μm 
position accuracy ± 5 μm ± 5 μm 
surface quality Rz < 500 nm Rz < 500 nm 
 
Further requirements arise from the replication process. For hot embossing a dedicated material grade for high 
thermal and mechanical exposure had to be selected. Because of high stability, good temperature resistance and a 
very well thermal conductivity silicon carbide (SiC) was chosen. Synchronous SiC enables a convenient laser 
ablation in respect of the specific material properties. 
The process chain for manufacturing the sensor was chosen based on the demands on the fluidic sensor 
mentioned above, see Fig. 2. From the functional initial screen a corresponding CAD-model can be derived. The 
data between the CAD model and the laser machine is transferred by a specific data interface.  Henceforward the 
structuring of the embossing tool is realized through the laser ablation in several processing levels. Subsequently the 
manufactured embossing tool can be used for the replication of the needed micro fluidic structures in line with a cost 
efficient and fast large-scale production. 
 
 
Fig. 2. Process chain of hot-embossing micro fluidic structures 
3. Laser processing equipment 
A laser processing machine, equipped with a frequency doubled Nd:YAG laser (wavelength 532 nm) is operated 
at Fraunhofer IWU Chemnitz. The laser beam focusing is realized by a scanner unit with a telecentric f-theta lens, 
whereby a focus diameter of approx. 9 μm on a working field of 40 x 40 mm² can be achieved, see Fig. 3. A 
“Keyence” laser displacement sensor is used for the supervision of the removal process and the adjustment of the 
focus position. With this sensor it is possible to control the machining level before and after the treatment. Using 
this, the removal levels can be held steady to generate defined geometry heights and forms.  
A. Schubert et al. / Physics rocedia 5 (2010) 261–268 263
 Author name / Physics Procedia 00 (2010) 000–000 
 
 
Fig. 3. The main components of the laser ablation working space 
Two cameras for process monitoring and position measuring allow us to control the ablation and the alignment of 
the micro structures. Within the workspace field the laser beam is guided by the laser scanner unit on the material 
surface. To achieve high aspect ratios and small side wall angels the laser beam has to be aligned vertical to the 
work piece surface. This is reached with the use of telecentric f-theta lens. 
The material is removed selectively by the specific control of the laser energy according to the work piece 
geometry. The required laser tracks for structuring can be described by single straight lines, which allows a plane 
material removal. Complex geometries can be described by 2-D CAD line figures. Through the selective variation of 
the single manufacturing layers, complex 2½-D geometries (Fig. 4) can be manufactured e. g., special fluidic 
components. 
 
 
Fig. 4. Test geometry for 2½-D machining 
4.  Micro laser structuring for forming tools 
Based on the geometrical demands of the required micro fluidic structures corresponding CAD-models of the tool 
geometry (female mould) were generated. The sensor dimensions are adapted to the size of the pre-produced 
embossing moulds with 18 mm and 40 mm diameter. Starting from the CAD-model the micro fluidic structure is 
subdivided in several processing levels. The preparing of laser ablation concludes process relevant parameters such 
as the distance between similar laser lanes and the ablation depth per level. This generated processing data can be 
executed by the motion control unit of the laser machine subsequently. 
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4.1. Laserstructuring 
The influence of single laser parameters (power, frequency, pulsdistance, …) on the removal rate was 
investigated. Based on this procedure the manufacturing parameters for different materials, especially for silicon 
carbide, were determinate. That allows a selective and constant material removal for the generation of precise 
geometries and high surface qualities.  
The processing of complex geometrical structures is realized through the subdivision of several single structure 
levels which can be executed in a 2½-D-process. On the one hand there is the possibility to regulate the focus of the 
laser according to the needed ablation of the material and on the other hand it is feasible to exploit the depth of focus 
of the laser-optic. The investigations concerning the structuring of silicon carbide showed that the exploitation of the 
depth of focus (with the implemented process parameters) enables an almost constant rate of laser ablation in a 
range of 200 μm in depth, see Fig. 5. If there is a larger distance to the focal point, the ablation rate decreases up to 
no ablation of material takes place. For these micro fluidic structures a machining depth down to 200 μm is 
sufficient. For deeper structures the regulation of the laser focus in Z-direction is necessary. 
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Fig. 5. Structure depth controlled by the number of loops 
4.2. Geometrical demands 
Besides the mechanical demands, the embossing process requires some more specific properties of tools. For 
convenient flow of material and release of tool properties during the embossing process a high surface quality is 
needed, especially at flanks of the tool geometry. That can be achieved by a repeated laser processing of the same 
part of the structure (see Fig. 6). By this procedure the flank angles can be reduced. Measurements identified flank 
angles in a range of 3 to 5 degree. These draft angles enable an assured demoulding process. 
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Fig. 6. Geometrical flanks of balk structures of a micro fluidic embossing mould 
4.3. Surface improvement 
The surface structuring in single levels (2½-D processing) generates steps at inclined and curved geometry 
elements, see Fig. 7a. In the application field of micro fluidics these steps could hinder the flow of the medium. For 
a good flow smooth and plain surfaces are advantageously. 
  
 
   
Fig. 7. 2½-D laser structuring (a) regular processing in levels; (b) processing in levels with additional edge smoothing 
To realize this surface qualities various processing strategies for improving the surface quality were investigated. 
It was shown, that through an additional laser processing, over the complete structure, the generating of steps can be 
reduced in an essential way, see Fig. 7b. A further possibility is the inversion of the machining sequence of the 
single geometrical levels. This is particularly advantageous if there could be worked at a constant focal point using 
the depth of focus. Emerging flanges at the level’s barrier are reworked by processing the following level. This 
method results in a smoothing of the tool’s surface at inclined and curved geometrical flanges but also involves the 
rounding of sharp-edged contours. 
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5. Experimental results 
The various investigations have demonstrated that high-precision and complex micro structures for micro fluidics 
can be generated by laser ablation. The used tool material silicon carbide shows a very good machinability by laser 
ablation because of its specific material properties. Thereby it is possible to machine the required microstructures 
with the described laser system. Fig. 8a shows a machined embossing die with an outside diameter of 18 mm. 
Minimum  achievable structure dimensions are in the range of 20 μm. Tool surface qualities around of Rz = 2 μm 
could be achieved by the systematic choice of the relevant laser parameters. Among others the resultant surface 
qualities are affected by the sintered material silicon carbide. Using the laser machined silicon carbide tools the 
microstructures can be replicated in plastics in high quality. Withal the replication tests have shown that a surface 
quality in a range of a few microns can reduce the demoulding force. Higher surface qualities are resulting in a 
larger contact area and with it in a higher demoulding force. During the embossing of the forming mould into the 
material in a sophisticated process it is furthermore possible to smooth the roughness at the workpiece surface. So it 
is possible to reach surface qualities for the fluidic system below 1 μm (Rz). 
 
   
Fig. 8. 2½-D micro fluidic structure (a) embossing die (female mold) in SiC; (b) embossed structure in PMMA 
Embossing dies with an diameter up to 40 mm can be machined by utilisation of the working field of the laser 
scanner, see Fig. 9a. These embossing dies comprise microstructures down to 100 μm (lateral) with a depth of 200 
μm. Fig. 9b shows a detail of the generated micro fluidic substructure. The realized structures are in the range of 20 
μm (lateral) with a depth of 100 μm. Replication tests with these manufactured embossing moulds illustrate that 
geometry structures in a range of a few microns and high aspect ratios can be replicated.  
 
 
   
Fig. 9. Embossing die in SiC (a) fluidic system; (b) micro substructures 
A. Schubert et al. / Physics rocedia 5 (2010) 261–268 267
 Author name / Physics Procedia 00 (2010) 000–000 
By the use of a laser scanning system in combination with a highly precise small focus diameter a wide range of 
various geometries with different macro- and microstructures can be produced. The geometry elements and 
dimensions can be changed without major problems. However, the processing is limited by the size of the scanning 
field of the laser optic. By sequencing of single scanning areas (using a X-Y-positioning) larger fields can be 
manufactured. Current research activities deal with the manufacturing of rotation-symmetric tools for embossing 
rollers. 
6. Conclusions 
By means of the direct laser structuring a defined material removal is possible and microstructures with 
dimensions of few micrometers and good surface qualities can be produced in different materials. By using aligned 
laser and scanning parameters it is possible to achieve determined removal rates and a high geometrical accuracy 
even at small dimensions of the microstructures and high aspect ratios. For the generation of micro fluidic structures 
in plastic materials a silicon carbide embossing mould was manufactured. The embossing of the generated structures 
in polycarbonate (PC) and polymethyl methacrylate (PMMA) has shown that even very fine structures below 20 ȝm 
with high aspect ratios of 5 can be replicated. By very precise positioning of individual geometry elements the 
processing of larger areas with microstructures is possible. The use of a high-precision rotation axis also allows the 
structuring of rotation-symmetric components, which can be used as an embossing roller. 
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